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SECTION I

PURPOSE

This program is intendedto study the feasibility o: high-dielectric-
constant materials as resonators in microwave fiiters, and to obtain de-
sign information for su .h filters. Resondtor materials shall be selected
that have loss tangents capable of yielding unloaded Q values comparable
to that of waveguide cavities. The maierials shall have «'electric con-
stants of at least 75 in order that substantial size reductio .s can be
achieved compared o the dimensions of waveguide fiiters having the

same electrical performance.




SECTION II

ABSTRACT

The serious effect of air gaps on the measurement ! 1igh
dielectric-constant values 1s discussed. Twc measurement techniques
are described in which air gaps are rmade to be insignificant sources
of error. Both methods utilize resonant modes having zero electric
field at dielectric-sample surfaces adjacent to metal walls. In the
first method, a cylindrical sample is placed in a close-fitting metal
wats »guide and resonatea in the TEOIE) mode. The air -filled regions
of the waveguide on each side of the sample are cut off for the TE,,
wave o that inappreciable loss of resonant-mode energy occurs. In
the second method, a cylindrical dielectric sample 1s placed at the
ceater of 2 metallic radial-line piil box. The flat faces of the gsample
ere in contact with the flat walls of the rad:al line. In this case, also,
a circular-electric TE:‘:I mode resonance 1s excited, and the electric
field 1s zero oun the sampl~ surfaces. Practical techniques of identify-
ing and rneasuring tte desired resonant frequenc-es are explained, and
exact formulas yielding the dielectric corstant are given for both meth-
ods. Data obtained hv these methods sre presented, and the effect of

density veariation 1s discussed.

The parameters affecting coupling between dielectric resonators
are explained. The basic 1 2m~~atars are mriznetic dipele manizy,
stored energy and resonani frequency of the r-senat~r, and the dyrr- -
sions of the surrounding enclosure. Formulas are Zcrived Joxr the: g-
netic dipole momen: and stored energy « f the dielectric resonator. A
generalized formula for ccuapling coefficient between two magnetic-
dipole resonators 1s derived, and then p-:ticularized for the case of
dielectric resonators spaced aloug the center-line of a cut-off re :-

tangular waveguide.




Two pairs of dielectric resonators and three different sizes of
waveguides were used to obtain six sets of coupling-coefficient data.
The plotted curves can be utilized for design purposes. The measured
saluc. are compared to curves computed irom the coupling-coeffic: 1t
tormula. The agreemeut is within £10 per cent for spacings ex<eeding
about three-quarters of the larger of the two waveguide cross-section
dimensions. For smaller spacings, the formula deviates from the
measuraed data due to neglect of higher -mode coupling terms in the der-
ivation. An attempt will be made to add these terms at a later date.
in the range of validity of the coupling formula, the accuracy is ade-
quate fo_r ordinary design purposes.




SECTION 11
CONFERENCES

On 31 January 1964 a conference was held at the Sigr « Corps
Laboratory in order to discuss 1 rogress during the second quarter
and plans for the third quarte . Those attending were J. Agrios,

J. Charleton, N. Lipetz and E. A. Mariani of the Signal Corps, and
S. B. Cohn of Rantec Corp. Results to date indicate utilization of
dielectric resonators to be a worthwhile technique in compact micro-
wave filters. It was recognized that temperature-stable materials

must be made available before this technique can become fully practical.

-4-




SECTION 1V

FACTUAL DATA
1. Introduction

The First Quarterly Report1 discusses the nature of dielectric
resonators and describes how such resonators may be used in micro-
wave filters. The introduction to that report should be consulted for
background information, and for a discussion of problems to be solved

before dielectric resonators can be used in practice.

The accurate m-asurement of dielectric constant and loss tan-
gent is a basic problem. The materials of interest in this program
have dielectric constants in the vicinity of 100, which makes the meas-
urement of dielectric constant highly vulnerable to even very small air
g»re  Two rnethods of measurement are described in detail that are
virtually uraffected by »ir gaps. The dielectric-constant values yielded
by these methods are believed to be within a half of one per cent, and
certainly within one per ~ent. Although loss tangent (tand) can be
obtained by thes.: methods, more accurate results are achieved by
measuring the unloaded (Qu) of a dielectric resonator in a large
prcpagating waveguide {see the First Quarterly Report for detaiis) and
then utilizing the approximation tan { = l/C'_ R gl ABR LT -2
lects electric stored energy -:aternal o l:,*.‘—Al':SOna.IOI‘ and logses nn
surrounding metal walls, but these sources ol error ate ~“e7<.aliv

small in the cases of interest.

Practical filter design requires data on resonator coupling.
Because of the large number of paramreters involved, 1t 1s not feasible
to obtain a quantity of rxperimental aata adequate for all needs. There-
fore, it 1s essential to have a for.aula .or coupling coefficient that is

sufficiently accurate and simple to be p~actical for orainary design




purposes. An analysis of coupling was carried out during the second
quarter, 2nd is treated in this report. The resulting formula meets
the dual goals of accuracy and sin.plicity. However, the neglect of
highe: -order coupling terms limits the formula to coupling coeffici--ts
less than about 0.02. By adding more terms, an extension of :i:& range
of validity should be possible, permitting closer spacings and there-
fove larger coupling coefficients. The analysis in this report is suf-
ficiently genesral to lay the groundwork for this extension. Also, the
iorniulas for magnetic dipole moment, stored energy, and generalized

coupling will prove useful for other computations to be made later.

A series of coupling-coeff cient measurements were made i1
order to provide some initial design data and enable the accuracy of
the coupling formula to be ascertained. In the range of validity of the

formula, the agreement was witkin 10 per cent.

2. Dielectric Constant Measurement

a. Method Chosen for Microwave Measurement of High

Dielectric Constants

At dc and low frequencies, the determinaticn of dielec-
tric constant 1s usuaily based on measurement of capacitance or capac-
itive reactance of a parallel-plate capacitor containing the dielectric
under test. At microwave frequencies, the dielect: .. constant 18 Gere.
mined through measurement of the effects of the enhanced car..itanze
produced by the dielectric material. Tl.ese effects incluid. o .nang~ ..
velocity of propagation in a dielectric-loaded *~.nsmission line, 2
change in the resonant frequency of a dielectric-loaded rescnant cavity,
and reflections at the boundaries. llowever, the new capacitance or
capacitance per unit length is unpredictably introd.ced if electrac field
lines pass through the dielectric to the conductirg boundaries by way of

irregular or unknown air-gaps.




Figure ¢ -1 :llustrates the

parallel-plate-capacitor case, in

which the electric field passes

ez B — through the dielectric en' che air
o T
4 . o - gap. Air gaps of average thickness,
I@T “; ? ? g

. ta’ v-ill exist 1n practice, unless all
Figure 2-1. Dielectric Capaci-
tor with Air Gaps and flat. Alternatively, a counductor
may be plated on the dielectric sam-
ple as a defense against air gaps. Failing to do either, the effective
capacitance of the series combination of dielectric capacitor and air

capacitor is proportional to:

€
T
Ciotal © T Zt e, (2-1)

where €. 1s the true value of relative dielectric constant. However,

neglect of the air-gap effect might lead to computing an incorrect value

€, from
€. €.
Crotal “TF 20 ¥ 1 (2-2)
d a d
Setting Eq. 2-1 equal to Eq. 2-2 and solve: [ ¢ - 1 =2 eher e
€v
& ° 2i_¢ S
1 r _ar
t
G

In the present program we are concerned with samples for which ty 18

on the order of 0.1 inch and €, is on the c.Jer of 1C0. Because of sur-

face roughness, imperfectly parallel so -faces, etc., t, is expected to

mating suriaces are perfectly smooth

s i

.




approach 0. 0001 inch despite considzrable care. Thus the ratio of in-
dicated to true €, is on the order of 0.833. Re-stated, we find that for
the case of interest an indicated dielectric constant 17% lower than ac-
tual wull result from the presence of difficult-to-avoid air gaps as « aall
as 0.0001 inch. The above described effects also operate in a resonator
or transmission line when the normal component of electric field, En’

is not zero on the dielectric surface.

Two methods by which the above difficulties may be
avoided at microwave frequencies are based on resonatcr configurations
operating in modes for which En = 0 on faces of the dielectric sample
adjacent to metallic surfaces. This approach 1s far more practical and
economical than metal plating of surfaces of the sample, or extreme
dimensional tolerancs s on sample and kolder. In the first method, a
sample in the shape of a right-circular cylinder 1¢ resonated in a close-
fitting circular waveguide tht 1s beiow cutoff in its air-filled regions.
The second technique 1s similar except that the transmission line used
is a radial waveguide. In both cases, the resonant mode of interest 1s
one in which the E-field is parallel to dielectric surfaces and practi-

cally zero in air-gap regions.
b. The Circular Waveguide Dielectrometer
Figure 2-2 i1llustrates the geometr; ¢« e circular wav- -

guide dielectrometer. Note the sirn:larity to the cenfigurati~in aescribed

in Figure 2-4 of the .. "~ uart=..y

Report of .l. s series. ! The hypo-
N

o O thatical magnetic-wall waveguide

Sk

W boundary descsibed there 1s re-

pirced by an cisctric-wall (metailic)

L}

wavecuide ".ziindary. Exact solutions

Figure 2-2. The Circular Wave-

cqide Dielectrometer for resonance arec readily cbtained for
¢ le

!
l
l
i




. - the present case. Thus, determinations of €. are rossible after meas-

urement of the resonant frequency of a sample of known dimensions when

. . the resonant mode is such that air gaps are unimpor+ant.

The lowest-order mode resonance for which the normal
electric field, En., is zero over the surface of the dielectric, as re-
quired to make air-gap effects negligible, is the TEOI& resonance.
Assuming negligible losses, the admittances at the surface of the sam-
ple in the planes Z = #L/2 are purely susceptive. Resonance occurs

: when

B, +B, =0 (2-4)

The air region is designed to be below cutoff and thus presents a nor-
malized susceptance equal to the characteristic admittance of the air-

filled waveguide, as follows.

N 2
B, = -\/(o-szo5) ! (2-5)
.
Equation 2-5 implies that the cut-off waveguide extends to plus and minus
e infinity. In practice, insign:ficant error is incurred when the zir-filled
~ waveguide 1s terminated at a length at which the evanescing wave is at-
t tenuated by >30db. Looking into the diclecuir: I

normalized susceptance cf
RS 8L
Bd-gtanT (2-6)

Where, 1n E3s. 2-5 and 2-6,

X\ = free space wavelength at the resonant frequency

D = diameter of waveg: 1z 214 of sample




These equations are readily derived from transmission line equations

given by Mauscuvitz. 2

Equation 2-4 is a transcendental equation that may be
solved for €. since all other quantities 1nvolved may be measured d:-
rectly. Employment of this technique presents a few practical prob-
lems. The principal problem is recognizing the TE mode ainidst
the TE”{): the TMOlé"

The solvtion to this problem poiuts out an additional reason for using

016
the TMII&’ etc., resorances that also appear.

the TEOI mode. It is the only mode that does not produce longitudinal
currents on the conducting walls of tne circular waveguide. Thus, when
the two bored bloclks shown in Figure 2-2 are separated slighrly, the
TEOlé resonance is only minutely affected while the other resonances

are markedly affected. In practice, this TE resonance recognition

(V)
technique operates ~ery effectively after brief practice on the part of
the user. Note that the test sample 1s not centered on the gap. This
is done to avoid the standing wave current null that occurs at the ceanter

of the sample.

Two pairs of bored blocks were fabricated. “.res =f
0.2344 and 0.3438 inch were chosen to handle .. e variety of dielectric
samples on hand. A further objective »f using two diameters was to
demonstrate that there are no second-order effects that might atfect
the accuracy as D/L varies. Finally, the use of wwo values of D aided
cetermination of any frequency dependen~e of . dielectric constant

of a given batch of material.

-10-




F:gure 2-3 1llustrates the
—— I laboratory set-up employed to ob-
eeNT TEeLECTED serve the resonances of samples

placed 1n the circular aveguide

VOLTAGE

dielectrometer. The probes,

which couple to the structure, are
e formed by exposing roughly 3/16-

rroses P y w inch of the end of the center con-

SWEPT
SiGNAL

40-49 G¢

ductor of a small diameter rigid
Figure 2-3. Laboratory Instru- coaxial line. The exposed center
mentation for Observation of conductor 1s bent and the coaxial
Resonances line inserted so that a section of
the probe's length is parallel to
a desired electric field line. The choice of transmission versus reflec-
tion observation of resonances is a matter of user's preference. The
instrumentation shown in Figure ¢-3 1s suitable fcr either. So greatis
the attenuation per unit lengthin the cut-off waveguide enclosing the probe
that the probe 1s rather close to the sample when resonances are visible
on the oscilloscope. When the probe is moved st'll closer without af-
fecting the resonant frequency, one can be sure that there 1s no effect
of the probe on the resonant frequency of the sample. Since the die-
lectric constant of the ma.erial to be tested 1s usually kno'vn approxi-
mately, the process of detecting the TE{,“ mode resonance is aided if
the ‘resonant frequency is crmivted to dix:ect <k~ operator's atiinlou

to the correct portion of the frequency sweep.

An initial test with a sanu le having D = 0.3434 inch ani
L = 0.1184 1nch produced a figure oi g, F 86.9 for a polycrystalline
T102 sample supplied by American T.ava Corporation. The diameter
of this sample was reduced to 0.3424 inch to illustrate the insensitivity
to air-gap size. As expected, t. rescaaut frequency did not change as

far as observation with the aid of a high Q cav.ty {requency meter could

-11-




show. The insensitivity to air-gap size, 1>r the case where En =0on
the sample's surface, may be visualized by noting that the cut-off wave-
lengrh of the dielectric loaded TEOI circular waveguide is as follows

when ta/D is small.
A =0.820 (D + Zta)@ (2-7)

Tguation 2-7 results from a s.mple application of perturbation theory.
D 1s the diameter of the sample and ta is the thickness of an air gap
assumed to surround the sample. The error in Eq. 2-7 is proportional
to (ta/D)j, and is very small. Thus, 1f the diameter of the waveguide
surrounding the sample is used for D 1n Eqs. 2-5 to 2-7, the effect of
a small air gap will be neglig.ble.

Four samples (Al through A, in Table 2-1) from a given

batch of relatively pure polycrystalline ’I‘xO‘;:2 were ground to nominal
diameters of 0.2340 or 0.3434 inch. These samgples were selected
from a large group supplied by American Lava Corporation. The die-
lectric constant computed from measured TE
(5834, 5580, 7585, 5532 Mc for Ay

€_=78.2to €. = 86.9. These results caused 1nitial surprise since all

01g Fesonant frequencies

to A4,‘ respectively) varied from

the samples were claimed to bc trom the same mix and pressed on the
same machine without undue time lapse. A review of the technioues
used 1n determination of € _ reaffi~. ' *h. expectat . of fractional
per cent accuracy. After a careful remeasurement .I the d-mensior-
of .he samples, each was weighed on an arnalyt:ical balancs. The com-
puted densities showed considerable variation 2ad explained the varia-
tion 1n €. Figurez-4 shows the € oi the four samples related to the

density of each.

With confidence in the u-. fulnc .5 of the circular wave-

guide dielecirometer justified, a sample from Ranicc's incre limiated

-12-




supply of USAERDL polycrystalline

3

was ground to 0.3434 inch diam-

at 72°F and 5024 Mc.

indication that the dielectric constant

eter and 0. 140 inch length (Sample Sl
in Table 2-1). The dici+ .tric constant
was computed from the data to be 97.6

There was no

* is seriously frequency dependent, but

the temperature dependence was evi-

| MATERIAL . i
AMERICAN LAVA CORXP Tloz
e ArSidey 192 ] .
< (STATED COMPOSITION - M
t [
[}
> DETERIMNED FAOM e
& GROULAR WAVEGUICE =
H RESONANCE DATA ' |
E 2 RiDae wve ook |
- = RESONANCE CATA |
¢ = ] {
§
H] “ t | apnwz
| | o ones
© ) |
™ © ” “ [
€r = RELATIVE DIELECTRIC CONSTANT
Figure 2-4. Measured Dielec-

tric Constant Values Related to
Sample Densities

dent though not measured.

TABLE 2-1
IDENTIFICATION OF POLYCRYSTALLINE 'I'iO2 SAMPLES

T N

D L Densit

Sample Source (inch) | {inch) gm/iny |

A] American Lava Corporation | 0.3435 1} 0.1180 61.29
A2 American Lava Corporation | 0.3427 | 0.1183 64.34
A3 American Lava Corporation 0.2342 ) 0.1162 64.69
A4 American Lava Corporation | 0.3433 | 0.1185 65.01
2 2 AR

Sl USAERDL ~0._3»4,2 0',1400 6:.oJ

Tre density variation observed =:th semples f~¥~m =

given batch ¢f material points up the importance 2: . n.gh level of

quality control in every step of the comp>sunding and pressing of oly-

crystalline samples.

c. Radial Waveguide Dielectru.neter

The circular wavzguide dielectrometer places a marked

constraint on the diameter of the samn’ - to be tested.

-13-
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waveguide dielectrermeter does not
present this problem and thus offers

. greater freedom in sample selection.

o=

i All that 1s needed is a parallei- aiate
region whose spacing is set by the
- l"’ Y, R length of the right-circular cylindri-
; cal sample.

Auxaliary structure to

L

—_ L

Figure 2-5. The Radial Wave- keep the plates parallel 1s useful.
guide Dielectrometer In the experiments to be described,
the upper plate was the face of a
close fitting piston in a cylinder terminated in a surface hat formed the
bottom plate. (See Figure 2-5.) Again, it 1s necessary to limit concern
to modes for which En = 0 over the surface of the sample. The TEO}
mode 1n radial waveguide satisfies this conditicn. (The subscript 0!
denotes zero variation of the fields from ¢ = 0 to 2%, and a single max-
imum in Eqb between z = 0 and z = L. It should be noted that the raaial
waveguide modes are not generally described as TE or TM. Generally,
radial waveguide modes are hybrid with respect to field components in
the propagation direction, r.} The usefulness of the unit for determining

€. is based on observing the frequency of the TE,, mode resonance in

01l
the dielectric sample under the condition that the TE,, mode is below

cutoif in the air-filled region of Figure 2-5.

Equation 2-4 stili desnosabes the r~s¢aance condition,

but now

B, = K (2-8)

(2-9)

“14-




where toth Ba and Bd are normalized in the samc manner. Here

_ {2 2
Ka '\,(‘5) -k (2-10)
2 w2
= - {— (2-
Kd k €, (b (2-11)
k = free space phase constant = 2w/A
b = sample height, L

The Beesel functions of the first kind and of order zero and one are in-
dicated by J’0 and Jl respectively. The admittance indicated by Fq. 2-i0
applies to an infinite radius of cut-off waveguide. Practically, the at-
tenration per unit length is such that negligible error occurs when the

line is terminated at a radius of one inch or so.

In operation of the radial waveguide dielectrometer unit,
a simple prabe 1s inserted to couple as loosely as will allow adequate
resonance indication on the oscilloscope. The sample sizes were such
that the field attenuation in the air-filled radial line region outside of
the sample iz on the order ot 230 db/inch for the TEOI mode. Probe-
to-sample spac:ngs as small as an eighth of ar irch were found tc .1ve

1

good ressnance ind.caiion v-o.-% -~ hfiing of .. resonani treg.sacl.
The probe coupies to a multiplicaty ¢l modes. Many
resonances are visible on the oscilloscope., All of the resonances of
the several =-type (C # 0) radial wavsg.ide modes are easily eliminatec
by noting which resonances move lower .. frequency when pressure on
the upper plate reduces the minute air zaps due to surface roughness
(without measurable change in t:. plat. spacing). The pressure pro-

ducing the effect 1s far less than required ts “viechanically deform the

-15-
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resolved. In addition to the possibility that measurement errors have
different effects on the two methods used, there 1s the possibility that
the temperature of the laboratory was, in fact, quite different during
the two sets of measurements. The 72°F temperature rer: ed above
for both sets of measurements is based on the laboratory thermosta.
setting. A recent check shows that a variation of #4°F was possible.
Inhomogenities in the pressed samples or effects of slightly non-
parallel faces on the samples also seem to be likely causes. The field
distribution in the samples are quite diffsrent in the two resonance
modes though circular electric field lines are common to both. What-

ever the cause of the discrepancy, Sample A, 1s the most serious ex-

2
ample. Attention will be focussed on Sample AZ for the diagnostic

work planned.

One 1mportant consequence of the dielectrometer results
relates to the findings summarized 1n Figure 2-5 of the First Quarterly
Report of this series With metal boundaries far removed, the calcu-
iated and measured resonant frequencies of various samples of USAERDL
T:OZ disagreed by approximately 10 per cent when €, was assumed to be
100 1n the calculations. The d:sagreement was reduced when the die-
lectric constant was assumed to be 83.8. The present diele::rometer
measurements have estatlished that the €, of the material in guestion
is not less than 97. Thus, ocae may conclude that the second-osder
TEOI& solution 1s inadequate for accurate cornnatanons of the »-~.-

nant frequency of aieleciric resonators 1a free space
3. Analysis of Dipole Moment, Stc..d Energy, and Coupling
a Parameters Affecting Counling

In order to utilize dielec’ 12 resonators in a band-pass

filter. it is necessary to couple the des:red numnber of resonators to

-17-




each other, and to couple the end resonators to terminating transmission
lines or waveguides. The bandwidth, pass-band response, and stop-band
response depend upon the coupling values and number of resonators, as
i1 the case of any other type of multi-resonator failter. Formulas ¢ ist
in the literature for computing the required coupling values to achieve
the required bandwidth with maximally flat or equal-ripple response

45 In this report, a formula is derived relating the coupling co-

shape.
afficient between a pair of resonators to the physical and electrical par-
ameters of the dielectric resonators, their center-to-center spacing,

and the dimensions of the surrounding structure.

Figure 3-1 shows the ar-

MAGNETIC DIPOLE AXIS rangement considered. The res-

onators are assumed to be cylin-

4
- | . LS
D_Z_ | drical disks on the center line of
: @ @ O a cut-off waveguide. The wave-
. J

gaide serves as a shield, prevent-

N ° ' ing radiation loss and undesired
METAL-WALLED

WAVEGUIDE, fe>fo coupling to external fields. The

Figure 3-1. Coupled Dielectric rotational axes of the disks are
Resonators Inside a Rectangular in the direction of the transversea
Metal Tube dimension of the waveguide. As
discussed in the rfirst Quarterty
Report, the external field of the fun<amental resons.nt mode reseinblec
that of a magnetic dipole directed along the axis of th» disk Dbecause
of this fact, an energized resonator will excite a TEio—m"m- wate.
The amplitude of this wat . attenuates with long.idinal distance, since
the waveguide is used below 1ts cut-off frequency. The H field of the
wave excites the adjecent resvnator, resulting 1r :nagnetic coupling
between the pair of resonators. Because of the exponential decay of
the TEIO

be neglected.

mode, coupling between nonad:~cent rc,onators can usually

~18-




The coupling geometry of Figure 3-! appears to be par-
ticularly useful. Certain other band-pass configurations that may be
of value will be considered in later repo: s. Another important case
is identical to Figure 3-1, but with )‘o < 2a, or fo > fc' In b . case
the TEIO mode propagates without attenuation. The resuir is a band-
rejection response rather than band pass. This will also be studied in

a later report.

As will be apparent from the analysis, the basic param-
eters of a resonator influencing its coupling to another resonator are
its magnetic dipole moment, stored energy, and resonant frequency.
Computation of the magnetic dipole moment and stored energy require
a knowledge of the internal and external fields of the resonant mode.
These fields are not known exactly, but are approximated by the second-

order solution treated in the First Quarterly Report. These second-
order field functions will be used for the calculations in this report.
Fortuaately, the resulting coupling-coefficient value appears to be

quite insensitive to variations in the assumed fieid. The resonant fre-
quency may be computed by the second-order formulas, ' or may be
measured. The experimental data in the First Quarterly Report shows
measured resonant frequencies tc be about ten per cent greater than
second-order theoretical fiequencies. The measured coupling coef-
ficient values described later in this report ~aree heet with caloujated

e

coupling values whea measu ' [ gyaencies oc teed 1n the curputaninr
b. Magnetic Dipole Moment

The magnetic dipole moment m 1s defined in terms of an

7
el :ctric current distribution as fellcws:

L m=3[{R~.av (3-1)

.
= S B

-19-




where R is the vector distance from an arbitrary fixed reference point,
11is the current density, and the integration is performed over a volume
enclosing the current distribution. MKS units are used throughout this
repos:, and symbols such as Bor €gr € E, H, B, D, etc., are as

usually defined in modern textbooks. 7.8,9 The wavy line under 2 sym-

bol denotes the symboi to be a vector quantity.

In the case of a smali conduc:ing loop carrying a current

1, Eq. 3-1 reduces to the following simple formula:

m = Al 13-2)

where A is the area of the loop. The direction of the dipole is perpen-
dicular tc the plane of the loop. Eqgaation 3-2 is commonly useé as the

definition of a magnetic dipole.

Equation 3-1 can be applied to the case of a dielectric
resonator, even though a real flow of electric current does not occur.
The following equation of Maxwell shows that the disziacement current
JuD and the electric current 1 atre intercnangeable insofar &s excitation

of magnetic field 1s concerned.

VXH =1+ 1D (3.2}
Therefore, ).D = jucE may be gub: .. 2 r .2 E; [ 1 as loilows
€ ..
- [&4 r,. ™ Ae- 3_4
“:—TJ'_IJ-,‘BX:C* 13-4)

If the electric field function of a given dielectric-resonator
mode is known, the magnetic dipole moment may be computec Zrom
Eq. 3-4. Since E of the resonant mode exists outside of the cielectric

oody as well as inside, the integration r::0rcusly should be periormed
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over the infinite outside volume in addition to the :aternal volume.
S Fortunately, the external electric field i1s less vffective than the in-
ternal field by the factor l/sr ~ 1/100, and furthermore it decays
rapidly with distance. Thus, the contribution to m of the ex* rnal

. electric field 1s very small.

A cylindrical resonator body and the fundamental cir-
cular electric mode, TEOI(;" will now be assumed. With reference
to Figure 3-2, the electric field vector 1s in the _@ direction, and is a
function only of r and z. By symmetry considerations, m has the

direction of z, and thus Eq. 3-4 becomes
Jueg
m = ”J’erx-: r dé dr dz
. r° e
- or, after integrating from 6 = 0 to 2w,

m = jree ‘“errzEe dr dz (3-3) . '

- Before Eq. 3-3 can be eval-
uated, Ee as a function of r anc z
must be known. Bezcause tne exac:t
function 15 not Xnown and (annot

feasiblv 0o calculated, ne ~oo.. . b

order soliation wilt Lz usec as zn

. — approximation. T.is aprruxima n -
acs..1es the cyiindrical dielectric -~
L Figure 3-2. Coordinate System Hody to be enclosed in an infinitel?;
S for Dielectric Cylinder long mzagnetic -wall waveguice having

the saru® Cross section as the cie-

- lectric body (Figure 3-3). For *he fun'.zrental TEO ; mode of reso-

1

4

nance, the fields in this boundary are completely represented by prop-
’ i . h ;& >

agating TEOI waves in the dielectric @ .1on and attenuating TE,, waves

cl



PN Figure 3-3. Dielectric Cylinder
N A in  Magnetic-wall Waveguide
T Boundary

: | MAGNETIC

1 i WALL

in th2 air regions. This ’.TI:'IOl mode

in a magnetic-wail waveguide is re-

————————

lated by dualaty to the TMO, mode in

an electric-wall waveguide, that is,

>l E 1in the first case 1s proportional to
! ‘ H in the second case. Since the sec-
ond case 1s well known, Ee of the

TEOI mode in a magnetic-wall wave-

R

N J guide may be written at once as
—— follows:
- Jl(kcr) 4ot
Ee—Eo f(z)m) forOsrsao,‘ Ee-Ozor r>a, (3-6)
Pgy ¢p ‘
e D°1 (3-7) F
o
and Fo1 is the first positive rooct of
' =0 (s
.. Jo(pol)— PRI
Th-refore,
Py ° 2.405 (3-9)

f .
4

The function £(z) 1s as follows in the dielectric reg.on

- i
f(z) = cos 2z for —=szs>5 - (3-10}
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.‘/‘J'l

1

- d . . O
e R s e ~

and as follows in the air regions

gL -Gallz-L/2)

f(z)=cos—2—. e for 1212%

{3-11)

Equations 3-10 and 3-11 provide the necessary continuity of {(z) at

z = *1./2., Note that Eo is the electric field value at r = a 2= 0.

Equations 3-5 and 3-6 give

a
32nee E < 3 2
m=m§72 j e fi(z) dz [ r° I (k. r)ér (3-12)
z=0 r=0

Symmetry allows i1ntegration with respec. to z to extend frum z = 0 to =

instead of —= to =. A factor of » [.as been inserted to ¢ompensate for
this change. In the wirection of = .~. =r . +n.s extendedoniytor =a ,

since the second-order solution assur.es zero fields for r >e .

The following integral 1s obtazined from Jahnxe andé Emde,

9
p- 14z
2 . 2 P
fx Jl(x)cx = x Jz(x) (3-13,
Therefore, -
a
o) o2 3
rz.]'lxr)dr‘ao ’(-(’)“:’J i,z (3
ite TR\ T ! B
C v
o
where Eq. 3-7, Poy ° kcao, was used. Nnw zpplt the Iollcwing recuor-

sicn formula (Jahnke and Emce . 144}

., _2n . . .
(x) _Tjn('\)_Jn—l(' (3-

s
w

J'1'141-1




therefore,

.2 2 \
T2(Poy) = 5 T1(Poy) = Tolegy) = 531 (Pg)y)

since JO(pOI) = 0 by definition of Po;-

Equaticas 3-12, 3-14, and 3-16 yield

J4mea 35 E

m = o o 0

—_—
“"OI)

¢_f(z) dz

O v, 1
It
]

Now use the following reiations

Thus,

w
)
i

()
et
<

Intrgration of the I‘.) functions g.ven bv Egs. 2-10 and 3

forv-ard. The result 1s as foliows with er = 1 .. the 2

(3-16)

(3-17)

3-19)

Note that when SdL 2 1s smali and €_ .5 .args, the guantity within the

oracrets approaches unity.
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c. Stored Energy

At resonanze, the instantaneous peax values of magnetic
stored energy Wm and electric stored energy We are equal. The equal-
1ty of magnetic and electric energies 15 oiten used to define resonance.}

These energy quantities may be computed from

o
w =9 r -
hm -Tf.[ H™ dv (3-22)
and
< 2
. _ 7o .
v [[e 5 e .

where integration 1s performed inside and oitsice the clelectric ress-
natc>r body. The materizl is assumed herc to be nonmagnetic thal is.
BT g both regions Since W - anc \‘-'e are e€gial &t resonance. either
Eqs. 3-22 and 3-23 may be usec for the storec energy compuiation

Equation 3-23 1s preferred, since the nigh value oI £_ resu.ts in mos:

-
of the electric energy oeing ins:ce the dlelecCiric 50Gy. where tne Ilelc
function 1s <nown to & rather good approximaticn. Ine magnetlic fie.d

on the other hand has & much larger proporticr oI 1ts energ. suisice the

body, so that calc . ztion 27 Egq. 3-22 w... pe _ess acyirate.

EQUabion 3-47 &1l nOV 0€ 0 F.LZ16C @5SamiTg L .7 Ter Lol
order electric fieid funcuions given dT Es. 5.0 -0 - % 07
2 = &,
27':oEo 42 ]
W e z |i(z) cz riIi< r)-l"cr (3-22
€ 1 T E |
I gy . .
- =0 ~z)




The Bessel function integral may be evaluated from the Inllovwing rela-

;
tion given by Jahnke and Emde, p. 146. 1o

( 2. Xt 2 i .
J.<[Jl(,x)] x = 3 [Jl(cx)] — Jlex) T, (ox) (* 23)
Therefore,
a;o 2
L3t ei2dr = 22 LT3 oy ]2 = T (2010 3, (3-2¢
J r[ 1 c’] T [1901’] BRERLTLRERSI w20
0
w 2
_ o0 2 2 oe
‘T[Jl(?oﬂ] (3-27)
where Eq. 3-26 reduces to Zg. 3-27, since J’J(‘:)Oi) = 0.
Hence,
, ~
W =wa g 2 £ [il’z),]zdz {3-25%,
e 5 "o o r
9}

Straightforward integration utuizing the assuriec f{z) funciions given oy

Eqs. 3-10 and 3-11 yields

s 1 RIPE 1
Woele o oaptrp 2| Ly, L DRRD 0% e ln
e TBSHTP 2R, T _'E:_: i —E_ ]

As :n Eq. 3-21i, the quantity within the Drac<ets approacCics wnlly . T
:dL small and o large. It :is interesung to note in tnis Case tna:l
Do 1 .2 . ; . : -

W_ is simply —Z-er.o times the volume oi the C.gizcClr:
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d. Generalized Coupling Between Maznstic Dipoles

A generalized formula for the coupling coefficient betvween
two magnetic dibole resonators will now be derived. The re¢ .nators will
be represented by conducting loops in an arbitrary enclosire, as shown
in Figure 3-4. The loops have an induc .nce L and are resonatea at fo
by series capacitors C, where fo =1 ~TLC. The magnetic dipole

moment of Loop 1 in Figure 3-4 1s given by Eq. 3-2 as {ullows

m = Al (3-30)

\ where A is the loop area, I tha

- I L
QL . ©® s .
_(r;;\ zurrent, anc where the subscrip: |
=/ ; i
denotes Loop 1. Tne magnetc

Stcrel energy 1is

/lETAL-WALLED WAVEGU'DE
<

.— e )

Figure 3-4. Coupled Resonant W, = ;»LIIZ (3-31;
Loops in Arbitrary Waveguide T
Enclosure

I.et L be the m.rual inductance

3

" 2tween the loops, and ‘»'2 the inducec voltage in Loop 2 wle to I, in

Loop 1. Then, by definition of mnutual incuctance.

The induced voltage \'2 15 also PET
gral relationship
V, == 9E, . ds = 3 . da T jom H ca 3-3%
e A o) fHp ez 33

where @2 and HZ are neld values in Loop 2 due to the current in cop i.

The line integral 1s evaluatea o.¢. 2 closed path along the 120D conda

or

g}




and through the capacitor. 7The surface integral 15 evaluaied over the
area of the loop. Now, let 52 be 2 mean value in the loop area, A.
(For small loops, I_-_IZ can be taken to be the value at the center of the

loon.; Then

V, = jun Hy . A (3-34)

Wow combine Egs. 3-31 and 3-32 as follows

L’n VZII
KTt (3-33)

where the coupling coefficient k is equal to Lm/L by definition of
coupling coefficient. Next substitute Egs. 3-30 and 3-34 into 3-35
and obtain

m
e {(3-36)
m

This formula for the coupling coeificient between two resonant magnetic
dipoles applies in general, although der:ved fcr a pair of simple loops.
The magnetic dipoles can be of any type in any environment including

free space.
e. Excitation of & Waveguide by & Magne Lo

The general coupling formula, Eq. 3-3%, wr.xn - e
particularized to the case of a pair of 1denticz
7

agnetic Qi1pocles in &
waveguide. The notation will follow Coilin.  p. 231

-204. Thus, the
E field of a given waveguide mode 1s given by

thn

QoW

=(e_ e )e°""p (3-37)
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where subscript p indicates the type and order of tne mode (e.g ,

- 10’
,[‘E“, TM“, etc. ), ¢ 1s the transverse component of field, gzp 1s the

longitudinal component of field, I 1s the propagation constan®, and #
p

denotes the direction of propagation of the wave (+ applies t2 *he +2 dir-
ection and -- to the —z direction).

TE,

In a stmilar manner,

The foliowing power nermalization relationsnip applies to €, and Ty f
each mode.

jje Xh o da =1 (3-39)
" %p ot )

where integration 15 over the tran t.e naveguilde.

Tre total fields are given by the Iollmuing inlinite sum

mations over all possible modes

+ + ot ..+
E = z a E s 1 = a i 13-.47,
< D <p - o~z
p - P
E :Zs ED = -23 =57 (3-2.)
< 5 = -~ 2~
- I T b
where a, and o are emphittce factiore of raves ining YT LG ez 2 Tt -
tions, respecitely.
Now assume & magnetiic <inole 20 moment m naving
arbitrary orientation and arbitrary locatinm in the z = § transverse

7 . e
piane. Collin’ onp 204 giv:s the follovimz em

of type and order p excitec by the magnenc <
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- o - -
ap = T— l‘:{p . rz_: (3 42)
by 4
= - 3 4
bp T I.:Ip «m h '3)

where H ~ and I:lp+ are normalized magnetic fields of mode p as defined
by Egs. 3-38 and 3-39.

Equations 3-42 and 3-43 give the amplitude of each mode
excited by the magaetic dipole. In the present case of interest, all

modes attenuate along the waveguide, thatis, . =2 + )0 for all p. In

the rectangular waveguide geometry of Figure 3-1, the following modes
have H components in the direction of m ana therefore are excited by m:
TE g TE3q. TE;,, TEsy, TMy,,
TE'O mode has the lowestcut-ofifrequer.cy, and therefore the lowest

TM32, etc. Of these modes, the

attenvation constant. Thus, at a sutficient longitudinal distance from
the rmagnetic dipoie, the total field may be represented with sufficient
accuracy by the TEIO mode field. The assumption w1ill now be made

that only the TE . . moce need be considered. In a later report, other

10
modes will be added tc the analysis, in order to :mprove the accuracy

? of the coupling forn.ula for cluse spacing.

Collin' on p- 299 gives the following normalized x-

directed field component for the TE.. racde.
. 7
L _( \ D )Z "7

Y C

_]_a_B?T_?, sin = (5-44)
where 4 :\/p.o/eo = 120+ ohms, and
2

7 fy -
T=a '-3}\ 1={~) (3-43)
v <
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In Eqs. 3-44 and 3-45 and in the following analyz1s, hx" T, and ¢ apply
to the TE]O mode, and a and b are the dimensions of the waveguide, as
shown in Figure 1. The dimension ) is the distance from a side wall
of the waveguide to the center of the magnetic dipole, and w: . be as-

sumed equal to a/2.

Equation 3-42 gives the amplitude of the forward-directed
TEIO wave excited by an x-oriented magnetic dipole m atz = 0, x = a/2,
as follows
wkom,

1
. Y
&TE10 T2 (a"ﬁq) (3-46)

The TEIO mode Hx field at z = s may now be obtained
from Eqs. 3-38, 3-40, 3-44, and 3-46, noting that -_.uo.\/q = 27,

m
_ —s . "7l —s -
sz _aTEIOhxe Z —— e (3-47)

This will be substituted 1n Eq. 3-36, vielding the following formula for
TElO-mode coupling between two resonant x-directed magnetic dipoles

on the center-line of a reciangular waveguide

2
k_(ae‘c‘s\/_“om‘ \ o~
R A

~

Subscript 1 on m, and WT implies that m and W _. rhe rcsonant

1 11 m
magnetic dipole are evalcated for the sa ne amplitude of excitation of
the dipole. Note that the actual amplitude of excitation does not matter,
since it cancels out when the ratio m, /¥, is taken.

The first factor :n Eq. >-4% depends only on the constants

of the waveguide and on the center-to-center <pacing s. The second
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factor depends only on the constants of the magnetic dipoie resonators.

Before evaluating the second factor in explicit terms, it wili be instruc-
tive to consider the factor's basic nature. Let Wm1 = Wel at resonance,
and use Eqs. 3-4 and 3-23. Thus

o2 2 [frxEe’
Z.W__ml=_.;z (3-49)

[ffe 5o

Now let E = Ee, where E_ is a function of r and z, and is independent

of 6.

6

2
m 2 3 [IIS,IZEQ dr dz]
B . _2m - 4 (3-30)
W T T >
ml N r 2
errz Ee dr dz

Examination of either Eq. 3-49 or 3-30 indicates that the computation
of ;.tole/ZWm1 is likely to be relatively unaffected by deviations of

E from the true E function. In fact, these equations have the general
form of variational expressions in which first-order errors in E pro-
duce only second order errors in the quantity computed. It is not yet
kncwn whether either Eq. 3-49 or 3-50 has this v= -z¢-~=~1 n=anart-
but a preliminary study shows that -2 l..st 2 yi2.i- a..iational charac-
teristic exisis. Thus, the use of the approximate F_e functron grver
Eqs. 3-6, 3-10, and 3-11 should yield good results in the computation

of the coupling coefficient.
f. Coupling Coefficient Betweeu Dieiectric Resonators

Equation 3-21 for m and *3. 3-49 for We =W _ mayv
2927

3

now be substituted in Eq. 3-48, letting ﬂ’3/(p01)4 = :.-3 "¢. 405

_32-




2
0.927D4Lerae—as [e‘d‘E S"‘T —I:e a L €08 3~
—7

aon 1 <1 sin adL> cos (- L/2)
z {1+ +

SdL— eraaL

2
%L ,dL}
3

k =

-51)

In this forrula for coupling coefficient, )‘o 1s the measured resonant
wavelength (Xo = c/fe) of the resonators. (Measurements reported in
the next section show that better accuracy results from use of the meas-
ured )\ value rather than the value computed from the seccnd-order
solutxon } The second-order equations of the First Quarterly Report

should be used in evaluating B, and a_.

The guantity within the
I I 1 braces in Eq. 3-31 15 approxi-
-

mately equal to unity. This quan-

"y
(S 1)
1

Voo T tity, as cormputed by means of the

< €
\ l second-order solution, is a function
° 1

of the dielectric constant er and the

\L~ «.mensionzl ratio L/D of the die-
2]

) [IE s 22 22 lectric rasonator. Figure 3-5 shows

a plot of the braced quantity versus

Figure 3-5. Graph of Quantity L,/D for the case €. = 100. It s seen
Within Braces in Eq. 3-51, has e - . Lo ae Ay

- 1160 Jlaw .
€. = 100

un:t  {or ;D netween J 2 ~-F

1’

-

which 15 believed t0 include the most practical raznge of ¢ T tir wer 1
purposes. Over the wider range L/D - 7.15 to 1.0. the deviation from

unity 1s within =4 per cent.

Thus, to a good approximation,

0.927p% Le_ce™>*
K = . 0.25sL/Ds0.7 (3-52)




Equation 3-52 has adequate accuracy for usual filter desiga purpcses.

If desired, the quantity F(L/D, er) plotted in Figure 3-5 may be a:pplied
to Eq 3-52 as a correction factcr, thus yielding the greater accuracy

of Eig. 3-51. The plotted function F(L/D,,er) applies to €, = 100, b

holds quite well for widely different € values.
4, Measurement of Coupling Between Resonators

A series of measurements have been made of the coupling coef-
ficient k between a pair of identical dielectric resorators arranged along
the center line of a cut-off waveguide. The geometry is that of Figures

3-1and 4-1. Two different sizes of resonators were used as follows-

Pair No. 1 Pair No. 2

MOVEABLE 8.0 = =
v ;—chPUNG ooe /| REsoNaToRS D = 0.3930 D =0.3930
l[_rfg S I\VI 2T AT T L =0.1600 L =0.2500

L/D=0.407 L/D =0.636

s

|rvoa X Z

COAXIAL \—WAVEGUIDE xPOLYF(JAM \-TUNING The resonators were ground

CONNECTOR ENCLOSURE  SUPPORT SCREW within a tolerance of 0. 0002

on diameter and iength. The
Figure 4-1. Typical Test Fixtvre for
Measurement of Coupling Ccefficient
Between Dielectric Resonators of samples measured during

material was from tne ceries

the frrgt goi~ver. The ire

quencies and unloadecd Q vaives of this series ot samI.zc 2r« given i~

the First Quarterly Report in Figure 2-53 and Tabie 3-24. .1, desc..ved
in Section 2 of the present report, oti.er pieces rom the same series

were measured to have g = 97. 6.

T'.e three aluminum waveguides are dimensioned internally

as follows
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WG No. i WG No. 2 WG ivo. 3
a = 0.750" a = 0.995" a=0.625"
b = 0.750 b =0.995 b=1.374

Six sets of coupling data were obtained from the two pairs of resonators
and three si1zes of waveguides. In each case, the resonators were sup-
ported along the center line of the waveguide by means of polyfoam, as
shown in Figures 4-1 and 4-2. Slots were milled in the polyfoam pieces
to support the resonant disks along the waveguide center lines. The
resonator pairs were excited by coupling loops at the ends of coaxial
lines, as shown in Figure 4-1. The loops were mounted on metal blocks

rnachined to fit the inside dimensions of each waveguide.

A band-pass {ilter consisting
of a pair of resonators yields a trans-

mission response having two peaks

A TN
-

:8';,12%‘?(" = TUNING SCREW
ON AXIS OF when the resonators are cver-coupled;
RESONATOR —_—

that is, when k is greater than kc,

Figure 4-2 Method of Support- Where kc is the critical coupling

ing and ".uming the Dielectric yielding a maximally flat response.

Resonators . L
The transmyssion curve sketched 1n

Figure 4-3 shows the typical shape of the peaks. and defines the param-
eters associated with the response. The wou e Toe T T e

computed from the center trequency fo’ T ¢ peaxk separation af, "oty

oo 1 Lf
K = gt 'f—
/k 2 o
1-{.£
K
\
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1/(k kc

L=201o 5= 4-2
4 elofzlk tE )| (4-2)
X The factor
1
f(aL) = (4-3)
- . k \2
1 <
k3
co is plotted as a function of AL in Fig-
10
. ! ure 4-3. Note that this factor 1s near
1099 unity, deviating from unity by less
1080 than 0.5% for AL > 4 db. By means
\ of Figure 4-3 and measured values
070
| of Af and £, k was obtained for var-
.. | . .
1080 \ 10us center-to-center spacings of
taL)
T 1050 : i the resonators. The locp couplings
> —ti were purposely weak so as to maxi-
. 1040 2| - — '
- \ 2 M’:’/\ ” mize AL, thus sharpening the peaks
. 1030 %_ , =1 and making the measurement less
o \ FREQUENCY N L he 1
t 1020 kertau 4 sensitive toAL. At the largest
R values of s for which measurements
. 1010 S e e .
FeSand \ were taken, AL had diminished to
'> _‘ 1000% o 5 20 2 % 3 Aabout3.6db, ar. .ae ractor was
J, . see about i.1. However, th~ _are of
- Figure 4-3. Graph of Factor !Measurement was sucu “:at deft:-

f(AL) Used in Measurement of ioration o’ . ccuracy is not noticeable
Coupling Coefficient Between

in these .
Twe Resonators in the cases

When making the coupling measurc.nent, the resonant

frequencies of the two resonators must be idestcal. The freovencies

of corresponding resonators differed by about 0.5 per cent, which was

. -36-
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excessive for the coupling measurement. It was frund that a resonator
cculd be convenientiy tuned by means of a screw introduced from a side
wall of the waveguide on the axis of the resonator. The predominant
field in this region is magnetic. Thc effect of the screw is t reduce
the stored magnetic erergy of the resonant mode, thus raising the res-
onant frequency. This is opposite to the usual effect of a tuning screw
in a cavity, which acts to increase the electric stored energy, and
thereby lower the resonant frequency. In order to achieve an adequate
effect on the magnetic stored energy, the screw must be relatively
large. A quarter-inch diameter screw was found to be properly pro-
portioned for the 0.4-inch-diameter dielectric resonators. For ex-
ampie, with this size screw, the resonant frequency was increased by
one per cent when the end of the screw was spaced about 0. 15 inch from
the resonator. The procedure used in obtaining the coupling data was
to tune the resonator having the lowest resonant frequency so that the
frequency spacing betwe -n the pair of peaks was minunized, thus as-

suring synchronous tuning.

The measured values of k versus s for the six cases are
piotted in Figure 4-4. The measured points fall along smooth curves
that can be used for design purposes. At other center frequencies. all
dimensions should be scaied proportioral to \o. However, des:gn use
of Figure 4-4 requires that . be in the vici <t ~¥ Q7 A fnv evample,
in the range 90 tc 1065. A g.--7:.” design ‘3= Uiz 15 clearly nexceaq
view of the restriction placed on dielectr:¢ cconstans a-d veoari 2y - v

the impracticability of obtaining data for all useful siwations.

The coupling formula, Eq. 3-51, has been evaluated for
the six cases of Figure 4-4, utilizing the respective dimensions and
center frequencies, and g s 97.6. The formula is plotted for each

case in Figure 4-5, with the exp-' mzn.al points shown for comparison.
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The computed curves are straight lines on a semi-log graph, with the
slope determined by a, the waveguide attenuation of the TE10 mode.
The 2xperimental data is seen in each case to have the correct slope
when the center -to-center spacing s exceeds roughly 0. 75 tumes th
larger of either a or b. This behavior is to be expected, since for
larger s the TEIO mode predominates, while for smaller 5 high~r
mode coupling contributes significantly to total coupling. JIn the region
of s greater than about 0.75 times the larger of a or b, the measured
and calculated coupling-coefficient curves agree within about 10 per
cent. The theoretical values are in scme cases higher than the meas-
ured values, and in other cases lower. This amount of discrepancy
compares very favorably with that occurring in applications of small-
aperture theory to filter design. The accuracy of Eq. 3-51 is con-
sideied adequate for ordinary design purposes, when s exceeds 0.75 a
aad 0.75 b.

For L = 0. 160 inch the simplified coupling formula,
Eq. 3-52, yields values essentially the same as those from Eq. 3-51,
while for L = 0. 250 inch Eq. 3-52 1s about 1.7 per cent higher than
Eq. 3-51. (These differences are obtained immediately from Figure
3-5, in which the ratio of the two equations 1s plotted.) The general
direction of the difierence 1s such that the disagreemeat between meas-
urement and theory is greater for the simplified f~ -~ '~ ¢hon faw tha
more complex formula. However, .*_ _dditiona’ '.7 e cent error

is not likely to be significant in most practical desigu applicstirrs.
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SECTION V
CONCLUSIONS

Aar gaps of even 0.000) inch can cause serious errors in the
measurement of high dielectric constant. Two methods were perfec_ted
that are insensitive to air gaps. This insensitivity results from the
use of modes having zero electric field at dielectric surfaces adyacent
to metal walls. The measurement accuracy is at least within 1 per
cent. These methods utilize cylindrical dielectric samples that can
be the actual resonators of a filter. The two methods should have wide

general utility for the measurement of high dielectric cons.ant materials.

Measurements on one batch of dielectric samples obtained from
American Lava Corp. indicated a variation of dielectric-constant values
that corielated very well with the densities of the individual ca.inples.
Dielectric constant values obtained for several Signal Corps samples
confirmed the supposition in the First Quarterly Report that the second-

order solution yields resonant frequencies about 10 per cent too low.

It has been fourd feasible to calculate the magnetic dipole mo-
ment and stored energy of dielectric resonator:z. In terms of these
and other basic parameters, a useful counli~~ rnnafficiant formnla hac
been derived. The formula .: 10, wiluce it n 210 per cent » meas
ured data in its range of validity. At present iue forrula ssr.* ac
curate in the case of close spacings. Hcwever, ai cxtension of the

analysis is believed feasible to improve tnat situation. .
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SECTION VI

PROGRAM FOR NEXT INTERVAL

Further work will be done on the two methods of dielectric-
constant measurement in order to resolve their minor disagreement,

and to define more precisely their sources of error.

The theoretical analysis will be extended to include higher-mode

terms. Also, other useful coupling configurations will be treated.

Measurements will be made on a series of one- and two-resonator
band-pass filters in order to determine the effect of waveguice-wall prox -
imity on the effective unloaded Q values. The data will ind:icate the smalle
allowable dimensions of the metallic enclosure. and hence the minimum
feasible volume of a complete dielectric-resonator filter. Certain prac-

tical problems relating to filter construction will be explored.
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